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ABSTRACT 
Renewable solar energy has been increasingly used due to its efficiency and 
cleanliness. Currently, mounting systems are needed to install solar cells on the surface of 
supporting structures, such as building roofs. Attaching solar cells directly to the supporting 
structures can eliminate the mounting systems and reduce the cost. Once the mounting system 
is eliminated, solar cells become an integral part of the supporting structures and they are 
subjected to the same strains as those of the supporting structures, Therefore, it is necessary to 
study the performance of solar cells under different strain states.  
 
The main objectives of this study are to investigate the possibility of attaching the 
amorphous silicon solar cell directly to the supporting systems, and to study the buckling effect 
on the amorphous silicon solar cell and their relative efficiency. (Chen et al. 2018) attached 
solar cells to fabricated FRP materials to study the effect of strain on the performance of solar 
cells under both compression and tension tests. They found that the performance of solar cells 
in both cases has a little degradation. The factor behind this degradation, whether it is caused 
by the failure of the specimen or from buckling, needs to be investigated. To this end, the solar 
cells were attached to different supporting systems (rigid and flexible) to determine the 
dominant factor affecting the degradation. Since the amorphous silicon solar cells are attached 
to supporting systems, which are subjected to different loads, such as compression, tension, 
and flexural loads based on their functions, it is also necessary to investigate the solar cell 
under different loading conditions. Therefore, different loads scenarios in addition to different 
supporting systems are considered in this study.  
1 
 
CHAPTER 1.    INTRODUCTION 
1.1 BACKGROUND 
 
Solar energy is clean and efficient. It has been widely used; especially in the area where 
electricity grid is not accessible. In the US, the Solar Investment Tax Credit (ITC) has 
successfully pushed hardware prices down and installer experience up. For example, the cost 
of solar electricity has decreased from $7.24/W in 2010 to $2.80/W in 2017 for residential 
applications (inflation adjusted), mostly due to the cost reduction of the photovoltaic (PV) 
module (Fu et al. 2017). Although the price of the module will continue to decrease, there is 
little room for substantial reduction. Therefore, more efficient ways are required to optimize 
the cost such as eliminating the mounting system (Yossef, 2017). Once the supporting system 
is eliminated, solar cells become an integral part of the supporting structures and they are 
subjected to the same strains as those of the supporting structures, which are caused by different 
types of load, such as gravity, wind, seismic loads, etc. 
 
 
Extensive research has been conducted to evaluate the performance of silicon solar 
cells under different environmental conditions, such as temperature, light intensity, and their 
effects on the solar cell parameters (Tobnaghi et al. 2013). It was concluded that the open-
circuit voltage reduced significantly under high temperature with about 2.2 mV/oC, when the 
short-circuit current increases slightly with temperature with about 0.0006 mA/ oC as shown in 
Figure 1-1.  
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Figure 1-1 JV- Curves of silicon solar cell under high temperatures (Tobnaghi et al. 2013).  
Fill Factor (FF) also decreases when the temperature increases by about 0.0015 / oC, 
thereby decreasing the maximum output power (MPP) to 0.005 mw/ oC, and the opposite 
occurred when subjecting to high light intensity as shown in Figure 1-2, and 1-3 respectively. 
The effect of light intensity on the silicon solar cell parameters was also investigated. It was 
concluded that short-circuit current (Isc) is directly proportional to light intensity. As the light 
intensity decreases, the Isc decreases and vice versa as shown in Figure 1-4. The efficiency of 
the amorphous silicon solar cell decreases as the temperature increases by about 0.25%/ 1oC 
compared to 0.4-0.5% /1oC in case of the crystalline silicon solar cells (Zhao et al. 2011).  
         Figure 1-2 Temperature dependence of MPP. Figure 1-3 Light intensity dependence of MPP. 
[Source, (Tobnaghi et al. 2013)] 
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Figure 1-4 JV-Curves of silicon solar cell under different light intensity (Tobnaghi et al. 2013).  
 
The energy conversion efficiency of amorphous silicon solar cells were about 2.4% 
when they first invented by Carlson and Wronski in 1976. The efficiency of amorphous silicon 
solar cells is improved to exceed 15%. In 2002, the total output power generated from the 
amorphous silicon solar cells was 35.8 MW (Shah 2012).  
 
Extensive research has been conducted to evaluate the performance of solar cells under 
tension. Mono-crystalline silicon solar cells were attached to Carbon Fiber-Reinforced 
Polymer (CFRP) composite materials using EVA (ethylvinyl acetate) film and tested them 
under tension. The performance of solar cells was evaluated using I-V curves. It was concluded 
that the performance of solar cells degraded due to cracks on the surface of and inside the solar 
cells (Kim and Cheong 2014). Tension test was conducted on amorphous silicon solar cells 
and measured their Maximum Power Point (MPP) and Fill Factors (FF). It was concluded that 
when strain increased, the performance of solar cell (FF) degraded (Sugar et al. 2007). 
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Limited research has been focused on the performance of solar cells under 
compression. Amorphous silicon solar cells were attached to FRP materials to study the effect 
of strain on the performance of solar cells under both compression and tension (Chen et al. 
2018). It was found that, in the tension test, there was little degradation until the failure 
happened. However, in the compression test, the solar cells degraded at about 0.5% strain. 
(Hamid Saadatmanesh 1991) conducted an experiment on five rectangular specimens 
reinforced beams that were strengthening with epoxy bonded glass-fiber-reinforced-plastic 
(GFRP) plates placed on the bottom surface of the concrete under third bending point test. 
They concluded that the flexural strength increases significantly and the (GFRP) reduces crack 
size (Hamid Saadatmanesh 1991). GFRP has many advantages in structural applications 
compared to conventional materials. These advantages include excellent resistance to 
electrochemical corrosion, and high strength. Furthermore, GFRP is versatile which can be 
fabricated in any shape. 
(Al-Sulaimani et al. 1994) conducted an experiment on simply supported reinforced 
beams that have different configurations including wrapping fiberglass on the sides of the 
specimens under four-point loading test. The damage was induced and the beams’ specimens 
were designed to fail in shear before attaching the wrapped fiberglass. They concluded that the 
wrapped fiberglass doubled the shear capacity of the beams’ specimens. 
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CHAPTER 2.    PERFORMANCE OF SOLAR CELLS INTEGRATED WITH RIGID 
AND FLEXIBLE SUBSTRATES UNDER COMPRESSION 
2.1   MATERIAL PROPERTIES 
2.1.1 SOLAR CELL PROPERTIES 
Solar cells used in the experiment were amorphous silicon thin-film solar cells
(SP3-12) manufactured by Power Film Solar, as shown in Figure 2.1. Tables 2.1 and 2.2 list 
mechanical and electrical properties provided by the manufacturer. 
Table 2-1 Amorphous Silicon Solar Cell Mechanical Properties. 
Height (mm) Length (mm) Width (mm) Weight (g) 
Aperture Size        
(mm2) 
0.2 63.5 12.7 0.34 12.7 x 50.8 
   Table 2-2 Solar Cell Electrical Properties. 
Wattage (W) Voltage (V) 
Voltage (Voc) 
(V) 
Current (mA) 
Short-Circuit Current 
(Isc)  (mA) 
0.0255 3.0 4.5 8.5 10.7 
2.1.2 FIBER RIENFORCED POLYMER (FRP) PROPERTIES 
The type of the FRP material used in the experiment was Chopped Stand Mat, and the 
404-isophthalic resin used as an epoxy to fabricate the FRP layer according to (Petersen et al. 
2015) . The material properties of both the FRP and the resin are shown in Table 2.3. 
Figure 2-1 (SP3-12) solar cell configuration 
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Figure 2-2 Thin FRP plate. 
 Table 2-3 FRP and Resin Properties (Yossef 2017). 
Material Material type 
Tensile 
Strength 
(MPa) 
Tensile 
Modulus 
(GPa) 
Compressive 
Strength 
(MPa) 
Density 
(g/cm3) 
E-Glass Fiber Chopped Strand Mat 2000 72.4 -- 2.56 
Resin 404 Isophthalic Resin 503.3 36.5 82.73 1.1 
2.1.3 CONCRETE PROPERTIES 
Concrete used in the experiment as a rigid substrate where the solar cell was attached. 
The type of the concrete was Portland Cement Concrete that was ordered from Polk County, 
Iowa. The concrete mix design is given in table 2.4. 
     Table 2-4 Mix Design of Concrete. 
Cement 
(kg/m3) 
Fly Ash (kg/m3) Water (kg/m3) 
Fine Aggregate 
(kg/m3) 
Coarse Aggregate 
(kg/m3) 
2,107 314 1,000 6,666 6,741 
2.1.4 THIN FRP PROPERTIES 
Thin FRP plate (0.003 in. thickness) used in this experiment as a flexible substrate, 
which was attached with solar cells and strain gages as shown in Figure 2.2. Physical and 
mechanical properties of the flexible FRP are provided in Tables 2.5 and 2.6, respectively. 
7 
  Table 2-5 Thin FRP physical properties. 
 Table 2-6 Thin FRP mechanical properties. 
Tensile Strength   (MPa) Compressive Strength (MPa) Flexural Strength (MPa) 
68.9 220.6 160.0 
2.2     SPECIMEN FABRICATION 
2.2.1 FRP Fabrication 
The FRP described in section 2.1.2 was used as the confined material of the concrete 
cylinders. Two different manufacturing process were used to confine the concrete cylinders. 
First, a mold of circular aluminum metal (4 in. x 8 in.) with a cut off into two parts. The two 
parts are combined together using a ring. A Nylon Release Peel Ply was used to confine the 
inner diameter of the circular mold to easily release the FRP after being fabricated. Then the 
solar cell was attached to the Nylon Release Peel Ply in the middle of the cylinder. After that, 
the FRP was inserted inside the mold. The FRP fabrication was divided into three stages. In 
each stage, the 404 Isophthalic Resin was distributed above the FRP and an aluminum roller 
used to squeeze the epoxy on the surface of the FRP. Eventually, the aggregate was added on 
the surface to ensure a strong bond between the FRP and concrete. Figure 2.3 (a, b, and c) 
show the aluminum mold, fabricated FRP, and aluminum roller.    
Material Type Grade Length (mm) Width (mm) Thickness (mm) 
Fiberglass Fabric GPO3 88.9 25.4 0.794 
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Figure 2-3 (a) aluminum mold, (b) fabricated FRP with aggregate, (c) aluminum roller 
(a)        (b) (c) 
 
Second, the FRP was wrapped around the concrete cylinder after the concrete achieves 
its fully strength. The Nylon Release Peel Ply was used as a cover, where the amorphous silicon 
solar cell was attached. The FRP was placed on the Nylon Release Peel Ply, and then the 404 
Isophthalic Resin was applied to the FRP and an aluminum roller used to distribute the resin. 
After that, the concrete cylinder was used as a roller to wrap the FRP. Figure 2.4 shows the 
wrapped FRP concrete. 
Figure 2-4 Wrapped FRP concrete. 
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Figure 2-6  SATEC Machine. Figure 2-5 Keithley 2400 SourceMeter, and Labview. 
2.3    TESTING SETUP 
2.3.1 Confined, Wrapped FRP, and Normal Concrete Cylinders 
The confined and wrapped FRP, and Normal Concrete Cylinders with a dimension of 
4 in. (diameter) and 8 in. (height). They were tested under compression load using the SATEC 
Machine at ISU. In case of the confined and wrapped FRP, the solar cell was attached directly 
to the FRP during the fabrication process, but in case of normal concrete, the solar cell was 
attached directly to the concrete as a rigid substrate after it achieved its fully strength. The 
objectives of this experiment is to investigate the possibility of directly attaching the solar cell 
to the supporting system, i.e., eliminating the mounting system. 
Strain gauges were installed on each specimen. The load, displacement, and strain data 
were measured using the SATEC Machine as shown in Figure 2.5. Keithley 2400 SourceMeter 
was used to connect the solar cell to obtain the I-V characteristics curves through a four wires 
connection as shown in Figure 2.6. A lab view software created by (Elshobaki 2015) was used 
to show and export the I-V characteristics curves. 
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Figure 2-7 confined concrete specimen under the illumination of the projector. 
The solar cell was illuminated using A Kodak Carsoul 750H with DEK 500W 
projector. (Sugar et al. 2007) proved that the quantum efficiency peaks of the solar cell is 
around 540 nm, which is within the projector spectrum. This projector was calibrated to 
simulate 100% sunlight. To be consistent in the experiment, the distance between the solar cell 
and the light source was the same for all specimens. Figure 2.7 shows the confined concrete 
specimen under the illumination of the projector. During the experiment, J-V curves, Fill 
Factor (FF), Short Current Circuit (Isc), Open Voltage Circuit (Voc), and other parameters were 
measured. 
2.3.2 Neoprene Rubber 
The type of the rubber used in this experiment was Hard Multipurpose Neoprene 
Rubber Rod as shown in Figure 2.8. The Neoprene Rubber was tested under compression load 
using the SATEC Machine at ISU. This rubber allows larger deflection of the specimen when 
subjected to compression load, in addition to its applicability in Civil Engineering. The 
Neoprene Rubber is a cylindrical with a dimension of 3 in. (diameter) and 6 in. (height). The 
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Figure 2-8 Hard Multipurpose Neoprene Rubber Cylinder. 
same procedures as those for normal concrete were used for Neoprene Rubber in terms of 
testing set-up and attaching solar cells. 
2.3.3 Thin FRP 
Five specimens of solar cell attached to flexible FRP substrate were tested under 
compression using an MTS machine as shown in Figure 2.9 (a) at a loading rate of 7.62 
mm/min. As the loading rate increases, the buckling of the thin FRP will form quickly.  The 
compression fixture developed by (Barbero et al. 1999) was used in the experiment to allow 
for the light source produced by A Kodak Carsoul 750H with DEK 500W projector to reach 
the specimens. Since the FRP substrate was flexible, two compressible springs were added 
between the upper and lower plates of the compression fixture to avoid the fracture of specimen 
caused by excessive displacement, as shown in Figure 2.9 (b). Load, displacement, and strain 
data were recorded using a Data Acquisition System (DAQ). 
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Figure 2-9 (a) Compression Test set-up, and (b) Thin FRP specimen with compressible springs. 
      (a)                                                                                        (b)  
2.4    TESTING RESULTS 
2.4.1 Confined, Wrapped FRP, and Normal Concrete 
The normal, confined FRP, and wrapped FRP concrete cylinders were tested under 
compression using SATEC machine. Strain gauges were attached to each specimen. During 
the test process, the current was recorded as the voltage changes because of the applied load at 
different magnitude of displacements. Then the load, strain data were collected from the DAQ 
as described previously. Eight specimens were tested with four specimens for each group. 
The strain-stress curves of normal, confined FRP, and wrapped FRP concrete cylinders 
specimens were obtained as shown in Figure 2.10, 2.11, and 2.12 respectively. From the data 
provided in the strain-stress curves, the average strength of all concrete specimens, and 
standard deviations were calculated as shown in Table 2.7. 
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Figure 2-10 Strain-Stress Curve of Normal Concrete Specimens 
Figure 2-11 Strain-Stress Curve of FRP Confined Concrete Specimens. 
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Figure 2-12 Strain-Stress Curve of Wrapped FRP Concrete Specimens 
Table 2-7 Average strength and standard deviation 
Specimen Type Average strength (MPa) Standard deviation (MPa) 
Normal Concrete 56.4 1.37 
FRP-confined concrete 45.3 1.83 
Wrapped-FRP Concrete 60.4 0.40 
The FRP material used in rehabilitation of the deteriorating structure elements requires 
higher strength. The use of FRP in the experiment is to provide strength, and act as a substrate 
for the solar cell. Based on the strain-stress data provided in Figures 2.10 (a), (b), and (c), the 
average strength of the confined FRP concrete specimens is reduced by 19.7 % compared to 
the normal concrete specimens. This difference in the average strength might occur because of 
multiple factors. One of the factor is that FRP used to confine the concrete specimens was not 
cut at the upper and bottom of the specimens. This means that the compression load was 
applied to the FRP directly, which causes the FRP to buckle and specimens to fail at a lower 
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stress, and strain. The typical norm is that the concrete resists the applied load and the excessive 
load is transferred to the FRP material that supports the structure. The second factor might be 
from the bond of the aggregate located between the FRP and the concrete as shown in Figure 
2.3 (b). These two factors were avoided in case of the wrapped FRP concrete cylinders. 
Therefore, the average strength increases, which is the normal behavior of concrete confined 
with FRP material as shown in Figure 2.10 (c). 
To study the performance of the solar cell based on different substrates, the solar cell 
was attached to each specimen. The J-V characteristics curves were measured using a source 
meter, and a lab view as shown in Figure 2.6. Figures 2.13, 2.14 and 2.15 plot the J-V curves 
for the three representative specimens, normal concrete, FRP-confined concrete, and wrapped 
FRP-confined concrete respectively. 
 Figure 2-13 J-V characteristics curves of Normal Concrete (Specimen 1). 
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         Figure 2-14 J-V characteristics curves of Concrete with FRP Confined (Specimen 2). 
Figure 2-15 J-V characteristics curves of Concrete with Wrapped FRP (Specimen 1). 
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MPP can be calculated based on the J-V curve as described below. According to Figure 2.16, 
(Isc) represents the value of the short circuit density on the y-axis where the curve intersects; 
and (Voc) represents the value of the open circuit voltage on the x-axis where the curve 
intersects. A square can be drawn under the J-V curve. This shape will intersect at one point 
with J-V curve, which gives the maximum voltage, (Vmp) (the value on the x-axis), and the 
maximum current density (Imp) (the value on the y-axis). MPP can be calculated by the 
multiplication of Imp, Vmp, and A (the area of the solar cell) as (Kim and Cheong 2014): 
(1) 
Fill Factor (FF), which plays a crucial role in determining the energy performance of the solar 
cell, can be calculated as (Kim and Cheong 2014) which is illustrated in Figure 2.17. 
(2) 
Figure 2-16. Solar Cell IV- Characteristic Curve (Alternative Energy Tutorial). 
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          Figure 2-17. Fill Factor (FF) physical meaning (National Instruments) 
Using the method described above, Maximum Power Point (MPP) vs. strain for normal, 
FRP-confined concrete, and Wrapped-FRP concrete specimens are plotted in Figures 2.18, 
2.19, and 2.20 respectively. In this study, the area of the solar cell is 6.45 cm2. 
Figure 2-18 MPP vs. strain for Normal Concrete specimens. 
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Figure 2-20 MPP vs. strain for Wrapped FRP- concrete specimens. 
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    Figure 2-19 MPP vs. strain for FRP-confined concrete specimens. 
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According to Figures 2.18, 2.19, and 2.20, it can be seen that the performance of solar 
cells remains unchanged until the failure of the specimens occurs, which is at about 0.2% to 
0.25% strain for normal concrete specimens, 0.32% for FRP-confined concrete specimens, and 
about 0.15% to 0.18 % strain for wrapped FRP-concrete specimens. There is an exception in 
specimen 2, which fails at lower strain (0.077%) due to the wire connection issue between the 
solar cell and the source meter. It is noted that the failure strain for specimen one of FRP-
confined concrete is about 1500 με, which is almost 50% less than that of the third specimen. 
It is because FRP that was used to confine the specimen was directly subjected to compression 
load, which led to the fracture of FRP as shown in Figure 2.22 (e). This issue was solved by 
removing a part of the FRP from the top and bottom of the concrete cylinder, as illustrated in 
Figures 2.21 (a), and (b).  The reduction in the power of the solar cell of all normal and confined 
FRP concrete specimens is caused by the failure of the specimens as indicated from the stress-
strain curves in Figures 2.10, 2.11, and 2.12 with an exception of the second specimen that 
reduced due to connection issue.  
According to Figure 2.18, it can be observed that normal concrete specimens varied in 
the performance at the beginning. This is probably because of the settlement of the testing 
system. After 0.05% strain, MPP for all specimens become a constant until the failure occurs. 
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Figure 2-21(a) FRP-confined concrete (Before), and (b) FRP-confined concrete (After). 
      (a)        (b) 
The failure modes of concrete specimens are different as shown in Figures 2.22 (a)-(f). 
Normal concrete specimens failed in a typical compression failure, as shown in Figure 2.22 (a) 
and (b). For FRP-confined concrete specimens, FRP was fractured and debonded, followed by 
the crushing of concrete as shown in (c), (d), and (e). For wrapped FRP-concrete specimens, 
FRP was fractured due to the lateral force caused by the compressive load as shown in Figure 
2.22 (f) where both strain and solar cell were damaged. 
(a)         (b) 
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Figure 2-22 (a) Solar cell failure of normal concrete; (b) Strain gauge failure of normal concrete; (c) Solar 
cell failure of FRP-confined concrete with aggregate; (d) Strain gauge failure of FRP-confined concrete with 
aggregate; (e) FRP failure of FRP-confined concrete. (f) Wrapped FRP concrete Failure.  
(c)       (d)     
(e)       (f) 
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Figure 2-23 Load-vertical displacement Curve of Thin FRP. 
2.4.2 Thin FRP 
The aim of this experiment is to investigate whether the buckling behavior has an effect 
on the performance of the solar cell or not. In the previous experiments, the performance of 
the solar cell was constant until the failure of the supporting systems. Therefore, solar cell was 
attached to thin substrate in order to clearly seen the buckling behavior. To perform that, a 
compressive spring was installed between the two plates of the compression fixture as shown 
in Figure 2.9 (b) to ensure that the specimen remains in the elastic range. 
The test was conducted using an MTS under compression as described in section 2.3.3. 
During the test, the load, displacement, and strain data were collected from the DAQ as 
described previously. Four specimens were tested. The load vs. vertical displacement curves 
of first and second specimens were obtained as shown in Figure 2.23. 
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Figure 2-24 JV Curves of Thin FRP (Specimen 1). 
Figure 2-25 JV Curves of Thin FRP (Specimen 3). 
J-V curves of the thin FRP specimens are plotted for two representative specimens, as 
shown in Figures 2.24, and 2.25. From Figures 2.24, and 2.25, it can be seen the variation of 
the J-V curves while the load is being applied. Specimen 1 in Figure 2.24 shows a uniform 
degradation of J-V curves, because the MPP of the first specimen decreases linearly. The J-V 
Curves decrease when the strain increases. 
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Figure 2-26 MPP vs. Strain of Thin FRP Specimens. 
To study the effect of the J-V curves variation on the performance of the solar cell, the 
relationship between MPP and strain of solar cells attached to thin FRP plate specimens is 
plotted in Figure 2.26. 
From Figure 2.26, it can be seen that the buckling effect becomes visible on the thin 
FRP specimens when the specimens are being subjected to high strain. The overall trend is the 
same for all specimens. There is almost a linear reduction in the power of the solar cell. The 
MPP of the specimens 3, and 4 dropped to a value of zero because of the deficient connection 
between the solar cell and the source meter used to extract the JV-curves and the solar cell 
parameters. Specimen 1 has the largest strain value of 5400 με because the specimen was 
exposed to excessive buckling as shown in figures 2.27 (b). During the test, different buckling 
modes occurred at different strains as shown in Figure 2.27 (a), and (b). The specimens kept 
in the elastic range as shown in Figures 2.23. 
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Figure 2-28 Load- displacement Curve of Neoprene Rubber Specimen 1 (Flat). 
2.4.3 Neoprene Rubber 
Rigid substrate as concrete used as supporting system was not beneficial in terms of 
observing the degradation of the solar cell. Therefore, it is necessary to find a supporting 
system satisfying these criteria. Neoprene Rubber meets these criteria. As a result, two 
configuration of flat and curved solar cell attached to the Neoprene Rubber were investigated. 
A STAEC machine used to induce compression load to the specimens as described in section 
2.3.2, while the load, displacement, and strain data were obtained using DAQ. 
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Figure 2-29 J-V characteristics curves of Neoprene Rubber (Flat Solar Cell) (Specimen 1). 
Figure 2.28 shows the load-displacement curve of the Neoprene Rubber. The load was 
applied manually to control the required displacement, and have enough time to capture the 
performance of the solar cell in both configurations (flat and curved solar cell). As it can be 
seen from Figure 2.28, there are multiple steps shown in the curve. These steps were the 
displacement values, which have been used in measuring the performance of the solar cell, and 
when the load is not being applied.  
The flat solar cell was attached directly to the Neoprene Rubber, while the curved solar 
cell was attached to FRP substrate. The normal, FRP-confined, and FRP-wrapped concrete 
specimens used as supporting systems, but the performance of the solar cell was not changed, 
and just had rapid degradation when the failure exists. Therefore, it is necessary to find 
supporting system that allows large deflection. As a result, The Neoprene Rubber could be 
used as supporting systems as they have been used in civil engineering. 
In order to investigate the performance of the solar cell attached to Neoprene Rubber. 
The J-V characteristics curve was measured using a source meter and a lab view for both of 
flat solar cell, and plotted in Figures 2.29, and 2.30 respectively 
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Figure 2-30 J-V characteristics curves of Neoprene Rubber (Flat Solar Cells) (Specimen 2). 
Figure 2-31 MPP vs. Displacement of Flat amorphous Solar Cell Specimens. 
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Figure 2-32 Local Buckling of Flat Solar Cell (Specimen 2). 
The relationship of MPP and displacement of the amorphous silicon solar cell attached 
to Neoprene Rubber was obtained and plotted in Figure 2.31. The power in Watts obtained 
from these two flat specimens were identical with an exception of the portions within a 
displacement range of 0.1 in to 0.8 in. The power from the flat solar cell in specimen 2 is 
reduced in this portion because of the local buckling located just above the center of the solar 
cell. This local buckling reduces a portion of the area of the amorphous silicon solar cell as 
shown in Figure 2.32. 
The second solar cell in figure 2.32 presents the curved amorphous silicon solar cell, 
which is attached to the FRP substrate. It is supported at the both end of the solar cell. The 
purpose of introducing the curvature mode is to expedite the process of buckling behavior.          
The J-V curves were obtained for the second and third specimens, along with the relationship 
between Maximum Power Point (MPP) vs. displacement as shown in Figures 2.33, 2.34 and 
2.35, respectively.  
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Figure 2-33 J-V characteristics curves of Neoprene Rubber (Curved Solar Cells) (Specimen 2). 
Figure 2-34 J-V characteristics curves of Neoprene Rubber (Curved Solar Cells) (Specimen 3). 
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Figure 2-35 MPP vs. Displacement of Curved amorphous Solar Cell Specimens. 
Fill Factor is an important parameter that identifies whether the solar cell works 
properly or not. The Fill Factor is a measurement of the squareness of the solar cell, and the 
largest rectangular shape that fits inside the JV-curve. It can be noticed from Figure 2.33 and 
2.34 that curved solar cells have lower values of Fill Factor (FF) compared to those of the flat 
specimens as in Figures 2.29, and 2.30. The rectangular area decreases as the strain caused by 
applied load increases. This effects the performance of the solar cell as shown in Figure 2.34. 
The solar cell continues to decrease as the load is applied, and has almost a linear relationship 
in case of first and second specimens. 
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2.5    BUCKLING EFFECTS 
The efficiency of the amorphous silicon solar cell depends on multiple variables, such as short 
circuit current, open circuit voltage, and fill factor (FF) of the solar cells. Various types of solar 
cells have different efficiency. For instance, the maximum efficiency of the cadmium telluride 
(CdTe) is 22.1%, while the amorphous silicon solar cell is between 4% to 14% (Jelle et al., 
2012). The short circuit current (Isc) is directly proportional to the light intensity. Therefore, as 
the light intensity increases, the short circuit current (Isc) would increase and vice versa. The 
open circuit voltage (Voc) is mainly affected by the high temperature as it increases. Therefore, 
the open circuit voltage (Voc) is inversely proportional with the high temperature. The fill factor 
(FF) is reduced when the amorphous silicon solar cell is subjected to high strain. It is noticed 
in the previous results of the thin FRP and the rubber cylinders that the buckling behavior has 
a significant impact on the amorphous silicon solar cells as their maximum power points 
decreased in addition to the reduction in the efficiency of the amorphous silicon solar cells. In 
this chapter, a numerical model was proposed that could calculate the reduction in the area of 
the amorphous silicon solar cell at different stages of the applied loads, which is used to 
determine the relative efficiency of the amorphous silicon solar cell . The buckling might occur 
when the structural element is subjected to the axial load, such as columns. To derive the 
numerical model, the function of the buckling shape has to be figured out. The curved 
amorphous silicon solar cell is assumed to be simply supported. The proposed numerical model 
used the buckling behavior of column, due to the similarity in the buckling shape. The 
following equation  (3) is the result from the free body diagram of the buckled column 
Py + M = 0 (3) 
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where the P is the applied load, y is the transverse displacement, and M is the moment resulted 
from the moment equilibrium. The relationship between the moment (M) and the transverse 
displacement (y) for the elastic curve is given by the following equation (4): 
EI (
dy2
𝑑𝑥2
)  =  M  (4) 
Substituting the moment (M) from equation (4) into equation (3), and then divided both terms 
by EI. This will result in the following equation (5): 
𝑑2𝑦
𝑑𝑥2
+
𝑃
𝐸𝐼
𝑦 = 0 (5) 
The governing equation mentioned above is a second order homogenous ordinary differential 
equation. The solution of the governing equation is given in equation (6). 
𝑦(𝑥) = 𝐴 𝑠𝑖𝑛√
𝑃
𝐸𝐼
𝑥 + 𝐵 𝑐𝑜𝑠√
𝑃
𝐸𝐼
𝑥 (6) 
The coefficients A and B can be determine based on the two boundary conditions y (0) = 0, 
and y (L) = 0, which means that coefficient B is zero. Therefore, the equation (6) becomes 
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𝑦(𝑥) = 𝐴 𝑠𝑖𝑛√
𝑃
𝐸𝐼
𝑥 (7) 
Eventually the shape function of the buckled shape is given in equation (8). It is important to 
know that this equation is applicable to simply supported span. 
𝑦(𝑥) = 𝐴 sin (
𝑛𝜋𝑥
𝑙
) (8) 
where A is the maximum lateral displacement, n is the mode shape and is determined to be 1 
when the mode shape is a half sine wave, and 𝑙 is the length of the solar cell. To determine the 
length of the curved amorphous silicon solar cell, the equation of the arch length would be 
applied as shown in equation (9). 
𝑑(𝑠) = ∫ √1 + 𝑦2(𝑥)′𝑑𝑥
𝑏
𝑎
          (9) 
when the amorphous silicon solar cell buckles, the applied current makes an angle with the 
surface of the solar cell. To have the current be applied perpendicular to the surface of the solar 
cell, the current has to be multiply by cosѳ, where ѳ is the angle and calculated from the 
derivation of the shape function given in equation (8), which was derived in equation (10). 
𝑦′(𝑥) =
𝜋 𝐶𝑜𝑠(
𝜋𝑥
𝑙
)
𝑙
 (10) 
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Figure 2-36  Area under Curved Solar Cell. 
To obtain the area of the curved silicon solar cell before applying the load, the proposed 
equation (11) can be used. 
 ∫ 𝐶𝑜𝑠(
𝑏
𝑎
𝑦(𝑥)′) ∗ 𝑑(𝑠) 𝑑𝑥  (11) 
where d(s) is the arch length given in equation (9), and  𝑦(𝑥)′ is given in equation (10), 𝑙 in
equation (10) is equal to 2 in (Length of the flat solar cell).Then the equation has its final form 
as shown in equation (12). 
 ∫ 𝐶𝑜𝑠 (
𝜋 ∗ cos (
𝜋𝑥
𝑙 )
𝑙
)
𝑏
𝑎
∗ √1 +
𝜋2 cos2 (
𝜋𝑥
𝑙 )
𝑙2
𝑑𝑥  (12) 
The area of the flat silicon solar cell is 1 in2. The area of the curved silicon solar cell as 
a function of the displacement was computed using equation (12). Then the result was graphed 
to check the validity of the proposed model as shown in Figure 2.36 
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Table 2.8 illustrates the solar cell parameters obtained from the amorphous silicon solar 
cell during the test of the first specimen of thin (FRP). The remaining specimens are included 
in the appendix. The maximum power points (MPP) in this case were calculated using equation 
(1) mentioned in section 2.4.1. The area of the solar cell used in Equation (1) was based on the 
area of the flat solar cell (1in2). Table 2.9 shows the calculation of the area of the curved solar, 
and the corresponding relative efficiency. 
Table 2-8 Solar Cell Parameters and the Test Results (Thin FRP Specimen # 1) 
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Table 2-9 Calculations of Ac, and Relative Efficiency (Thin FRP Specimen # 1). 
As it can be seen from tables 2.8, and 2.9, the buckling behavior of the silicon solar cell 
has a significant impact on the relative efficiency of the amorphous silicon solar cell. The 
relative efficiency continues to decrease due to the reduction in the area of the amorphous 
silicon solar cell receiving the light as calculated in the column of the curved area. The initial 
relative efficiency of the silicon solar cell is 1.0, which is corresponding to 100% energy 
conversion before the starting the test, and drop down to 0.484, which is corresponding to 
48.4% energy conversion at the end of the test. The maximum difference between the test data 
and the model is 11.5 %. 
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2.6    DISCUSSION AND CONCLUSIONS 
Compression tests on solar cells attached to rigid (concrete) and flexible (thin FRP) 
substrates were conducted. It was found that the performance of the solar cells attached to rigid 
concrete substrate remained almost constant until the specimens failed, where a sudden drop 
occurred. Degradation of the performance was observed for solar cells attached to flexible FRP 
plate. It can be concluded that strain has negligible effect on solar cells under pure compression 
because of its small deflection, but has a significant effect on solar cells under buckling because 
of the change in the area receiving the sun light, which in turn causes the light intensity to be 
decreased. 
Compression test on two different configurations of solar cells attached to Neoprene 
Rubber used as supporting system was also conducted. In case of flat solar cell, the 
performance of the solar cells was almost constant with a minor reduction because of the local 
buckling occurred above the mid-span of the solar cell, while for the curved solar cell, the 
performance of solar cell has almost a linear trend in the first and second specimens. It is 
concluded that in order to observe the reduction in the power of the solar cell, it is important 
that the solar cell be attached to a supporting system that allows large deflection, and subjected 
to a curvature shape during the installation of the solar cell to expedite the buckling behavior. 
Relative efficiency is reduced due to the reduction in the area of the amorphous silicon 
solar cell caused by the buckling of the amorphous silicon solar cell. The difference of the 
relative efficiency of the amorphous silicon solar cell between the start and end of the test is 
51.6 % according to the test data. 
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CHAPTER 3.    PERFORMANCE OF SOLAR CELLS INTEGRATED WITH 
CONFINED FRP REINFORCED CONCRERTE UNDER FLEXTURAL TEST 
3.1     MATERIAL PROPERTIES 
3.1.1 Concrete Properties 
The concrete used in this experiment was Portland Cement Concrete. The concrete used 
to manufacture eight FRP-confined reinforced beams with a cross section area of 6 in x 6 in, 
and a span length of 36 in. Six cylinders were prepared at the time of pouring the concrete in 
order to evaluate the strength of the concrete at 7 and 28 days. The average compressive 
strength and the standard deviation of the concrete cylinders are illustrated in Table 3.1. 
Table 3-1 Average strength and standard deviation (Yossef 2017). 
Date Tested Average strength, psi (MPa) Standard deviation, psi (MPa) 
7 Days 3213 (22.15) 938 (6.46) 
28 Days 5988 (41.29) 248 (1.7) 
3.1.2 Steel Reinforcement 
The Steel rebars used were ASTM A615 Grade 60 steel, with a yield strength of 60 ksi 
(414 MPa). No. 4 steel rebars with a nominal diameter of 0.5 in (12.7 mm) were used as the 
flexural reinforcement. They were cut to fit into the eight FRP-confined reinforced beams 
specimens. The placement of steel rebars relies on the location of the tensile stress.  In the case 
when the solar cell that is attached to FRP is subjected to compression, two No.4 steel rebars 
were placed in the tension region and the concrete side. In the other case when the solar cell is 
subjected to tension, one No. 4 steel rebar was placed in the FRP side. The FRP is intended to 
work as a shear reinforcement of the beam specimens based on (Brady and Marshall 1998), 
who conducted an experiment on four prestressed high-strength concrete tee-beams. They 
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concluded that shear strength increases significantly with wrapped FRP. All steel rebars were 
placed at a distance of 1.5 in (concrete cover) from each edge of the concrete according to 
(ACI 318-14, 2014). Figures 3.1, 3.2, and 3.3 show the placement of the steel reinforcement 
according to the location of the tensile stress along with concrete cover. 
 
                                                                                              Figure 3-1 Steel Reinforcement and concrete cover Figure 3-2 Steel Reinforcement at tension (FRP) 
Figure 3-3 Steel Reinforcement at tension side (Concrete). 
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   Figure 3-4 (a) Oil Spread on the Formwork.     (b) Nylon ply Sheet and Solar Cell.
3.2     MATERIAL FABRICATIONS 
3.2.1 FRP Fabrication 
The FRP used in this experiment is chopped strand mat (CSM) with the properties 
described in section 2.1.2. The formwork used to manufacture the beam specimens was the 
typical modulus beam that has a cross section area of 6 in x 6 in with a span length of 36 in. 
An oil was spread on the surface of formwork to facilitate the removal of the specimens after 
being manufactured as shown in Figure 3.4(a). A nylon ply was placed on the formwork to 
facilitate removal of the FRP, and to place the thin film silicon solar cell on the nylon ply at 
the mid-span of the specimens as shown in Figure 3.4(b). To ensure that the solar cell will be 
subjected to the same strain as the specimens, the solar cell was attached to FRP before the 
fabrication process. This would make solar cell to be a part of the FRP material. The chopped 
strand mat (CSM) was cut into the proper size and placed inside the formwork. The size of the 
aggregate used was based on (Cho et al. 2010), who conducted an experiment to study the 
effects of aggregate size and density on the shear and tensile bond characteristics of the coarse 
sand between the FRP formwork and concrete. They concluded that the optimal aggregate size 
was 4-7 mm (0.16-0.3 in), and the optimal aggregate distribution density was 4 kg/m2 (0.82 
lb/ft2). Thus, this aggregate size and density was used in this experiment.  
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       Figure 3-5 (a) Aluminium Clips and the Aggregates.      (b) Poured Concrete. 
404-isophthalic resin was used, along with a small length of aluminum roller that can 
fit inside the formwork. The process of manufacturing of the specimens was in three stages. In 
the first stage, the 404-isophthalic resin was distributed evenly on only the bottom surface of 
the specimen where the solar cell located. Then the aluminum roller was used to eliminate the 
air bubble that might exist, ensure that the chopped strand mat (CSM) absorbs the resin, and 
ensure that solar cell becomes an integrate part of the FRP. An aluminum clips was used to 
hold both sides of the specimen from falling down as shown in Figure 3.5 (a). After applying 
the roller on the resin, the aggregate was distributed above the bottom surface and then waited 
until the aggregate was bonded to the FRP as shown in Figure 3.5(a).The same procedure was 
applied to both sides of the specimens at different times. Once the specimens was 
manufactured, steel reinforcements were placed and concrete was poured as shown in Figure 
3.5 (b). A vibration machine was used to eliminate the voids and mix the concrete. The 
specimens were taken off the formwork after they achieved the full strength as shown in Figure 
3.6. The exceeded side of the FRP was removed (Figure 3.7) to have the same height as the 
formwork. 
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Figure 3-6 Final FRP Confined beam specimens Figure 3-7 Exceeded height at both FRP sides. 
3.2.2 Strain Gauge Installation 
Sixty-four strain gauges were placed to eight reinforced beam concrete with FRP-
confined. Eight strain gauges were attached to each specimen where four strain gauges were 
attached to FRP surface, and the other four strain gauges were attached to the concrete surface. 
The process of installing strain gauges, and type of strain gauges in each side of the specimen 
was different because of the material properties. To install the strain gauges on the concrete 
surface, a grinding machine was used to smooth the surface of the concrete where the strain 
gauge located as shown in Figures 3.8 (a), and (b), respectively. The glue was used to fill the 
voids in the concrete as shown in Figure 3.9. After the glue dried, the grinding machine with a 
soft grinder was used again to remove the glue. A visual inspection was conducted to check 
that the voids have been filled with glue. An acetone was applied to the location of the strain 
gauges that was smoothening to remove the dust and clean the surface before installing the 
strain gauges. The strain gauge with a gauge length of 60 mm (2.4 in) was attached on the 
surface of the concrete using Cyanoacrylate adhesive as shown in Figure 3.10. The selection 
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  Figure 3-8 (a) Grinding Machine.      (b) smoothed surface of concrete 
Figure 3-9 Placement of glue. Figure 3-10 Strain Gauge Configuration (60 mm). 
of location of the strain gauges was based on the maximum bending moment, which is located 
in the middle third of the third-point bending loading, and just outside of this region at both 
directions at both cases when the solar cell is subjected to compression and tension as shown 
in Figures 3.11, and 3.12 respectively. 
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Figure 3-11 Optimal locations of strain gauges (Solar cell subjected to Compression). 
Figure 3-12 Optimal locations of strain gauges (Solar cell subjected to Tension). 
To install the strain gauges on the FRP surface, the surface preparation was achieved 
in the following sequence. Interlux 202 Fiberglass Solvent Wash was used to clean the surface, 
and then the surface was abraded with 40-grit sand paper. The surface was cleaned again with 
the same Solvent, and then the surface was abraded with 230-grit sand paper. Then the surface 
was cleaned 400-grit sand paper. The surface was cleaned with acetone as the final step.  The 
strain gauges with a gauge length of 5 mm (0.2 in) was used to attach on the FRP surface since 
the FRP has small deflection as shown in Figure 3.13. The location of the strain gauges at both 
cases where the solar cell is subjected to compression or tension were the same for the strain 
gauges placed on the surface of the concrete as shown in Figures 3.14, and 3.15. Figures 3.16 
(a) and (b) illustrate the test setup including the location of the deflection transducers numbered 
from 1 to 4. 
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Figure 3-13 Strain Gauges Placed on FRP Layer (5 mm gauge length). 
Figure 3-14 Optimal locations of strain gauges (Solar cell subjected to Compression). 
Figure 3-15 Optimal locations of strain gauges (Solar cell subjected to Tension). 
. 
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      Figure 3-16  (a) Test Set-up of Solar cell under Compression         (b) Test Set-up of Solar cell under Tension. 
3.3    TESTING SETUP 
3.3.1 Three Point Loading Flexural Testing 
The reinforced concrete beam with FRP-confined specimens were tested under three- 
points loading, according to ASTM standards (C78/C78M 2010). The purpose of this 
experiment is to study the performance of the amorphous silicon solar cell under flexural 
loading since the solar cell is installed on the building roofs, which is exposed to bending 
moment. Therefore, it is important to investigate the performance of the silicon solar cells 
under this type of load.   
A frame holding two actuators was constructed. The two actuators have a load range 
of 20 Kips for each actuator, which were connected to manual hydraulic jack to apply the load 
on the solar cell under compression as shown in Figure 3.17 (a). The load from the actuator 
2, 3 
4 1 
2, 3 
4 1 
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Figure 3-17 (a) Test-Set-Up of Compression Specimen         (b) Four Deflection Transducers 
Figure 3-18 (a) Test-Set-Up of Compression Specimen (b) Four Deflection Transducers
will be  applied on 2 in x 6 in plate that rests on the FRP surface to simulate pressure load and 
distribute the load. Four deflection transducers were placed to measure the beam deflection at 
the mid-span and under the loads in both cases when the amorphous silicon solar cell is 
subjected to compressive and tensile stress as shown in Figure 3.17(b). Sixty-four strain gauges 
were installed on eight specimens, four on the FRP surface, and the other four on the concrete 
surface. The strain gauges were installed at the mid-span, where the maximum moment, and 
near to the load points when the solar cell is subjected to compressive stress and near to the 
support points when the solar cell is subjected to tensile stress. The strain gauges, load cell, 
and deflection transducers were all connected to DAQ system where the data were recorded as 
shown in Figure 3.18(a). An aluminium frame was assembled to hold lamps and fans 
connections. The main purpose of the fans is to prevent excessive temperature, which affects 
the parameters of amorphous silicon solar cell. Two projection halogen lamps (Philips 13117) 
with 150 W were installed to illuminate both of the flat solar cell installed during the 
manufacturing process, and the curved solar cell installed after the specimens achieve their 
fully strength (Yossef 2017) as shown in Figure 17(a). The solar cell was connected to the 
sourcemeter, which was connected to lab-view to export the data obtained from the solar cell 
as shown in Figure 3.18 (b). 
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Figure 3-18 (a) Data Acquisition Systems (DAQ).    (b) Source meter, and Labview. 
3.4    TESTING RESULTS 
3.4.1 Three-Point Loading Flexural Testing 
The reinforced concrete beam with confined FRP specimens were tested according to 
ASTM standard (C78/C78M 2010). The load, strain, deflection data were recorded using data 
acquisition (DAQ) system. The performance of the flat and curved amorphous silicon solar 
cells were measured during the experiment through taking multiple measurements of J-V 
characteristics obtained from the source-meter connected to the amorphous silicon solar cell at 
different loads. The testing results is divided into two main categories, evaluating the flat, and 
curved amorphous silicon solar cells under flexural test, and evaluating the specimens under 
flexural test. Three concrete cylinders were tested before testing the specimens to identify the 
average ultimate compressive strength, and the standard deviation, which will be used to 
validate the experimental results with finite element simulation results, as shown in Table 3.2. 
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Figure 3-19 J-V Curves of Flat Silicon Solar Cell under Compression (Specimen 1). 
Table 3-2 Average strength and standard deviation (before Testing the Specimens). 
Average strength, psi (MPa) Standard deviation, psi (MPa) 
7481 (51.6) 1107 (7.6) 
3.4.2 Evaluating Amorphous Silicon Solar Cells under Compression 
The two amorphous silicon solar cells attached to the (FRP) were evaluated using the 
JV curves, plotted for all solar cell under compression. Figures 3.19 and 3.20 illustrate the       
J-V curves of flat and curved silicon solar cell of the first specimen subjected to compression 
stress respectively. The remaining JV curves were included in the appendix. The combined 
Maximum Power points (MPP) vs. displacement curves of all solar cell under compression of 
both flat, and curved silicon solar cells as shown in Figures 3.21 and 3.22 respectively. 
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Figure 3-20 JV Curves of Curved Silicon Solar Cell under Compression (Specimen 1). 
Figure 3-21 MPP vs. displacement at Mid-Span of Flat Solar Cells. 
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Figure 3-22 MPP vs. displacement at Mid-Span of Curved Solar Cells 
Figure 3-23 Shifted Silicon Solar Cell. 
 
 
From Figure 3.21, it can be seen that the performance of flat amorphous silicon solar cells 
almost remains constant during the test except for the third specimen that shows little 
degradation starting from the beginning. This decrease in the power is due to the location of 
the solar cell. The amorphous silicon solar cells were placed at the mid-span during the process 
of fabrication, but in the third specimen, the solar cell was not exactly in the mid-span of the 
specimen. It was shifted from the center of the span to the left (west direction), which led the 
solar cell to be near to the applied load as shown in Figure 3.23, as the mid-span length is 
18 in. 
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Figure 3-24 Curved Solar Cell near to the Applied Load 
From Figure 3.22 The curved solar cells attached to red FRP have the same trend as 
those of the flat solar cells. The curved silicon solar cell of the fourth specimen reacted 
differently from others because it was intentionally attached close to the applied load to 
evaluate whether the location of the solar cell matters or not, as shown in Figure 3.24. It was 
noticeable that the performance of the silicon solar cell had slight decreases at the beginning 
until the load reached approximately 8 kips where big drop occurred in the performance, and 
continue to be constant after that. This might keep dropping if the applied load increased 
significantly. 
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Figure 3-25 Load-deflection Curve of Solar Cell under Compression Specimens at Mid-Span. 
3.4.3 Evaluation of Compression Specimens (Solar Cell under Compression) under Flexural 
Test  
The reinforced beam with confined FRP was tested under flexural load to identify the 
ultimate capacity of the beam, and to study the performance of the solar cell under compressive 
stress. The specimens was loaded using manual hydraulic jack connected to two actuators. 
Two load cells were placed under the supports to measure the applied load. The ultimate load 
that the compression specimens where the solar cell is under compression achieved vary 
slightly. The load-deflection curves measured at different locations, mid-span, and under the 
load from the west and east directions were plotted in Figures 3.25, 3.26, and 2.27, respectively. 
The test set-up of the solar cell is under compression is shown in Figure 3.17 (a). The load-
strain of the FRP and concrete layers at the mid-span of solar cell under compression were also 
plotted in Figures 3.28, and 3.29 respectively. 
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Figure 3-26 Load-deflection Curve of Solar Cell under Compression Specimens under Load (West). 
Figure 3-27 Load-deflection Curve of Solar Cell under Compression  Specimens under Load (East). 
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The reinforced beam with confined FRP specimens failed within the elastic stage, and 
before the inelastic stage. The specimens were tested under displacement control in the 
inelastic range. The specimens failed immediately after the debonding occurred between the 
FRP and concrete, which is caused by the crushing of the top surface of the concrete attached 
to FRP forming a diagonal crack. From Figure 3.25, all four-compression specimens (solar cell 
under compression) at the mid-span location have similar trend of the load-deflection, but with 
different failure loads. The failure load of the first specimen is 15.8 kips, which was the 
smallest failure load among the other specimens. The second and third specimens have almost 
the same failure load, which is 16.3 kips, compared to the fourth specimen with a failure load 
of 16.8 kips. All of the four compression specimens (solar cell under compression) failed at 
mid-span deflection of 0.207 in.  
According to Figure 3.26, the behaviors of the four specimens at the west direction 
under the applied load is almost similar for the first and second specimens with a deflection of 
0.0207 in. The third specimen required more load to cause the same deflection as those of other 
specimens at the west direction of the specimen. For instance, 0.14 in. deflection was observed 
at the west direction when the first and second specimens were loaded at 11.5 kips, while in 
the third specimen the load was 13.26 kips, and in the fourth specimen the load was 12.22 kips. 
It is noticeable that the fourth specimen required more load to cause the same deflection as the 
case in the first and second specimens just after 0.1 in deflection. 
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Figure 3-28 Load-Strain Curves of Solar Cell under Compression at Mid-Span. 
According to Figure 3.27, the behavior of the four specimens at the east direction under 
the applied load is almost similar with the first three specimens. The fourth specimen required 
less load to cause the same deflection as those of other specimens at the east direction of the 
specimen after 0.0513 in deflection. 
According to Figure 3.28, the strain attached to the FRP layer at the mid-span of the 
solar cell under compression  have similar trend except of the third specimen from a strain 
value of 1000 µϵ until the failure of the third specimen. The third specimen required less load 
than the other specimens to have the same magnitude of strain. For instance, at 1500 µϵ, the 
load for the third specimen is 13.35 kips, where in the other specimens the load is 15.67 kips. 
The FRP layer was not exposed to high strain at the mid-span where the ultimate strain was 
1900 µϵ for the third specimens. 
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Figure 3-29 Load-Strain Curves of Solar Cell under Compression at Mid-Span. 
According to Figure 3.29, the strain attached to the concrete layer at the mid-span of 
the solar cell under compression were different depending on the stiffness of FRP for each 
specimen. The third solar cell under compression specimen shows high stiffness compared to 
other specimens. The magnitude of the strain was small on the concrete surface (tension side) 
at the beginning of the test until a certain load where the strain increases linearly with the 
applied load. Concrete layer was subjected to a high strain compared to FRP layer, which 
reaches up to 6800 µϵ. Strain gauge of the first solar cell under compression specimen was 
damaged during the test. 
59 
Figure 3-30  (a) Debonding of FRP under Load.    
Figure 3-23 (a) Debonding of FRP under Load.    
Figure 3-24 (a) Debonding of FRP under Load.    
3.4.4 Failure Modes of Solar Cell under Compression Specimens 
The failure modes of the solar cell under compression specimens were under shear, 
where the crack occurred at the top concrete underneath the load point at the east direction, 
forming a diagonal crack as shown in Figure 3.30 (b). The failure of the specimens was because 
of the cracking occurred at the top surface of the concrete attached to the FRP, and also the 
debonding of FRP immediately from the concrete in all tested specimens at both sides under 
the applied load as shown in Figures 3.30 (a) and 3.30 (f) at the east direction of the specimen. 
FRP was also debonded in the mid-span of the first specimen in the north direction as shown 
in Figure 3.30 (c). A sound was heard at the interface between the FRP and concrete at a load 
of 7 kips. The initial crack occurred at the tension surface (concrete surface) at a load of 12 
kips at multiple locations, at the mid- span, under the applied load, and outside the middle third 
of the specimen as shown in Figures 3.30 (d), and (e). These initial cracks did not contribute 
to the failure of the specimens, as the width of the cracks did not increase. One of the concrete 
strain gauges was damaged because the crack passed through it as shown in Figure 3.30 (e). 
                                                                         (b) Crack of Concrete. 
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     (c) Debonding of FRP at the Mid-Span.      (d) Crack under the Applied Load.    
(e) Crack Passed Strain Gauge.            (f) Debonding of FRP at Both Sides. 
3.4.5 Evaluating Amorphous Silicon Solar Cells of the Solar Cell under Tension Specimens 
The two amorphous silicon solar cells attached to the (FRP) were evaluated using the 
J-V curves, plotted for all solar cell under tension specimens. Figures 3.31 and 3.32 illustrate 
the J-V curves of flat and curved silicon solar cell of the first specimen subjected to tension 
stress, respectively. The remaining J-V curves were included in the appendix. The combined 
Maximum Power points (MPP) vs. displacement curves of all solar cell under tension 
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Figure 3-31 JV Curves of Flat Silicon Solar Cell under Tension (Specimen 1). 
Figure 3-32 JV Curves of Curved Silicon Solar Cell under Tension (Specimen 1). 
Figure 3-26 JV Curve of Curved Silicon Solar Cell (Tension, Specimen 1).
Figure 3-27 JV Curve of Curved Silicon Solar Cell (Tension, Specimen 1).
specimens of both flat and curved silicon solar cells as shown in Figures 3.33 and 34, 
respectively.
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Figure 3-33 MPP vs. West Deflection of Flat Solar Cells. 
Figure 3-3433 MPP vs. West Deflection of Flat Solar Cells. 
Figure 3-34 MPP vs. West Deflection of Curved Solar Cells. 
Figure 3-3534 MPP vs. West Deflection of Curved Solar Cells.
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Figure 3-35 Pre-buckled Shape of the Second Specimen. 
Figure 3-36 Test Set-up of the Tension Specimens.
Figure 3-37 Test Set-up of the Tension Specimens.
Figure 3-38 Test Set-up of the Tension Specimens.
From Figures 3.31, and 3.32, it can be noticeable that the J-V curves of the silicon solar 
cell of both flat and curved cases of the first solar cell under tension specimen remains almost 
the same with no degradation in J-V curves. This means that the output power from the solar 
cell is almost constant as illustrated in Figures 3.33 and 3.34 of the flat and curved solar cell, 
respectively. The second flat and curved solar cell under tension specimen has little increase 
due to the adjustment made for the applied loads. The applied loads were moved slightly away 
from the edges of the specimens in the second, third and fourth specimens. This leads the solar 
cell to be exposed to more deflection. The flat solar cell of the second specimen experienced 
more power than the curved solar cell. This was because of the fully attachment of the solar 
cell to the supporting system. The supporting system was exposed to high tensile stress due to 
the pre-buckled of the sides of the second specimen during the manufacturing process as shown 
in Figure 3.35, leading the solar cell to be stretched more to receive additional light intensity. 
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Figure 3-36 Test Set-up of the Tension Specimens. 
Figure 3-43 Test Set-up of the Tension Specimens.
Figure 3-44 Test Set-up of the Tension Specimens.
Figure 3-45 Test Set-up of the Tension Specimens.
3.4.6 Evaluation of Solar Cell under Tension Specimens under Flexural Test 
The reinforced beam with confined FRP was tested under flexural load to identify the 
ultimate capacity of the beam, and to study the performance of the solar cell under tensile 
stress. The specimens was loaded using manual hydraulic jack connected to two actuators. 
Two load cells were placed under the supports to measure the applied load. The test set-up of 
the solar cell under tension specimens  is shown in Figure 3.36. The load-deflection, measured 
at different locations, mid-span, and under the load from the west and east, directions were 
plotted as shown Figures 3.37, 3.38 and 3.39, respectively. The load-strain of the FRP and concrete 
were also plotted at the mid-span of the specimen as shown in Figures 3.40 and 3.41 
respectively. 
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Figure 3-37 Load-deflection Curve of Solar Cell under Tension Specimens at Mid-Span. 
Figure 3-49 Load-deflection Curve of Tension Specimens at Mid-Span.
Figure 3-50 Load-deflection Curve of Tension Specimens at Mid-Span.
Figure 3-51 Load-deflection Curve of Tension Specimens at Mid-Span.
Figure 3-5237 Load-deflection Curve of Solar Cell under Tension Specimens at Mid-
Span.
Figure 3-53 Load-deflection Curve of Tension Specimens at Mid-Span.
Figure 3-54 Load-deflection Curve of Tension Specimens at Mid-Span.
Figure 3-55 Load-deflection Curve of Tension Specimens at Mid-Span.
Figure 3-38 Load-deflection Curve of Solar Cell under Tension Specimens at West Direction. 
Figure 3-5638 Load-deflection Curve of Solar Cell under Tension Specimens at West 
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Figure 3-39 Load-deflection Curve of Solar Cell under Tension Specimens at East Direction. 
Figure 3-5740 Load-Strain Curves of Solar Cell under Tension Specimens at Mid-Span 
(FRP)Figure 3-5839 Load-deflection Curve of Solar Cell under Tension Specimens at East 
Direction.
The reinforced beam with confined FRP specimens failed within the elastic range, and before 
the inelastic range. The specimens were tested under displacement control in the inelastic 
range. The specimens failed immediately after the debonding occurred between the FRP, and
concrete at the top surface of the concrete near to the applied load. From Figure 3.37, the third 
solar cell under tension specimen had least deflection compared to the other specimens. The 
first solar cell under tension specimen had less deflection compared to the second specimen. 
The first and second specimens allowed small deflection to take place at the mid-span at the 
beginning of the test until more efforts were required to apply more loads. At this stage, the 
load would continue to increase with any further increase in deflection as shown in Figure 
3.38. The difference in the deflection at the mid-span between the second specimen, and other 
specimens were due to the pre-buckled of the sides that the second specimen suffered (Figure 
3.35), which reduced the strength of the specimen against flexural loading. The average failure 
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Figure 3-40 Load-Strain Curves of Solar Cell under Tension Specimens at Mid-Span (FRP) 
Figure 3-5940 Load-Strain Curves of Solar Cell under Tension Specimens at Mid-Span (FRP)
load of the solar cell under tension specimens  was 18.8 kips. According to Figure 3.38, the 
behavior of the specimens at the west direction under the applied load is almost similar. The 
first, and fourth specimen was subjected to higher deflection (0.28 in) at the west direction, 
where the failure of the first specimen occurred. The second specimen failed under the load at 
the east direction. According to Figure 3.39, it shows that the second specimen had higher 
deflection (0.24in) than the first specimen. The maximum deflection at the east direction is 
0.27 in according to the third specimen. 
According to Figure 3.40, the strain attached to the FRP layer at the mid-span of the 
second specimen increases even though the load was not high compared to the first specimen. 
This means that the top surface of the FRP at the second specimen was not strong enough in 
tensile strength due to the deficiency of the specimen from the sides. The first specimen failed 
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Figure 3-41 Load-Strain Curves of solar cell under tension specimens at Mid-Span (Concrete). 
Figure 3-6042 Crack Started at Top of the ConcreteFigure 3-6141 Load-Strain Curves of solar
cell under tension specimens at Mid-Span (Concrete).
0
5000
10000
15000
20000
25000
0 500 1000 1500 2000 2500 3000
L
o
a
d
 (
Ib
)
Strain at Mid Span (µϵ)
Concrete Specimen 1
Concrete Specimen 2
Concrete Specimen 3
Concrete Specimen 4
at an ultimate strain of (8500) µϵ, while (8100 µϵ) was measured in the second specimen. 
Figure 3.41 shows the load-strain curves of the concrete layer at the mid-span. 
 
According to Figure 3.41, the load-strain curves of concrete layer is the same for all 
solar cell under tension specimens at the beginning with a little variation after 270 µϵ. The 
surface of the concrete was exposed to low strain because FRP has a high tensile strength. The 
maximum average value of strain on the bottom surface of the concrete is 2183.5 µϵ, which is 
below the typical strain failure of the concrete that is 3000 µϵ according to (ACI Committee 
318 2014).  A visual inspection was conducted to identify any cracks in the concrete. There 
was no sign of cracks initiated in the bottom surface of the concrete (compression side).  
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Figure 3-42 Crack Started at Top of the Concrete 
Figure 3-6242 Crack Started at Top of the Concrete
3.4.7 Failure Modes of Solar Cell under Tension Specimens 
The failure mode of the solar cell under tension specimens were under shear, where the 
crack occurred at the top concrete under the load point at different directions based on the 
specimens, forming a diagonal crack as shown in Figure 3.42. The failure of the specimens 
was because of the cracking occurred at the top surface of the concrete attached to the FRP, 
which causes the debonding of the FRP from the concrete as shown in Figure 3.42. There were 
no initial cracks detected in the bottom surface of the concrete because of low strain on the 
concrete layer. The crack at the top of the concrete extended from the applied load until they 
reaches the support, as shown in Figure 3.42. 
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CHAPTER 4 FINITE ELEMENT ANALYSIS SIMULATION 
4.1 FINITE ELEMENT ANALYSIS SIMULATION OF REINFORCED CONCRETE 
BEAM WITH FRP CONFINED 
 A 3D finite element analysis model of the reinforced concrete beam with FRP confined 
was constructed using ABAQUS software. The concrete material was modeled using a solid 
element (C3D8R), while the steel rebars were modelled as truss elements (T3D2), as the truss 
can take the tensile force. The steel rebars were embedded inside the concrete using an 
embedded region in the tie constraint. The Steel rebars were the embedded elements and the 
conrete was the host. The concrete has a cross section area of 6 in x 6 in  and a span length of 
36 in. The confined FRP was modelled as shell elements (S4R), which were placed on the top 
and both sides of the concrete. The FRP layers were connected to the concrete using tie 
constraint. The FRP was the master surface and the concrete was the slave surface. The 
reinforced concrete beam with FRP confined specimens were tested as a simply supported 
beam, and simply supported beam with an overhang at both sides in case of the where the FRP 
was subjected to tensile stress. The boundary conditions were set as pined and roller supports. 
The specimen was subjected to a displacement of 2 in. The concrete, FRP, and steel elastic 
engineering properties used in ABAQUS were illustrated in Table 4.1. The inelastic properties 
of concrete can be obtained according to (Yossef 2017) who used different models, such as 
Hsu and Hsu's model, to conducted an experiment on concrete insulated sandwich test panel 
and then validated the experimental results with the FE simulation. 
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       Table 4.1. Material Properties (Yossef 2017). 
Material Concrete FRP Rebar 
Young’s Modulus (ksi) 4213.083 5000 29000 
Poisson’s Ratio ( ) 0.15 0.2 0.3 
Density (pcf) 150 62.4 490 
4.1.1 Inelastic Properties of Concrete 
ABAQUS software used three crack models to simulate the damage in the reinforced 
concrete elements occurring during the non-linear stage of concrete. One of the crack models 
ABAQUS used is the concrete damaged plasticity model. (Wahalathantri et al. 2011) used two 
numerical material models as they can be implemented by only using the ultimate compressive 
strength of the concrete. (Wahalathantri et al. 2011) slightly modified the numerical models to 
be used with the damaged plasticity model in ABAQUS, and then validated with experimental 
results under flexural loading, three point bending test, and four point bending test. Therefore, 
these numerical models will be applied in this study. Two behaviors of concrete were 
considered, compressive, and tensile behaviors, as will be discussed in the next sections 4.1.1.1 
and 4.1.1.2, respectively. 
4.1.1.1 Concrete Compressive Behavior  
(Hsu and Hsu 1994) model will be adopted in this study as it gives complete stress-
strain curve of concrete under uniaxial compression up to 0.3 of compressive strength (σcu) in 
the descending portion of the curve, with just knowing the compressive strength of the 
concrete. This model can also be used with a high compressive strength up to 8992 psi (62 
Mpa). Figure 4.1 illustrates the stress-strain curve of compressive concrete. 
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Figure 4.1 Compressive Stress-Strain Relationship for ABAQUS (Wahalathantri et al. 2011). 
From Figure 4.1, it can be seen multiple parameters that have the compressive strength 
in common. (σcu) is defined as the ultimate compressive strength of the concrete with (ϵo) as 
the corresponding strain. The elastic stress-strain curve is extended up to 0.5 σcu, in the 
ascending portion where hook’s law can be applicable. (Hsu and Hsu 1994) model computes 
the stress values within the range from 0.5 σcu to 0.3 σcu  using the following equation 
(Wahalathantri et al. 2011) 
σc= (
𝛽(
𝜖𝑐
ϵo
)
𝛽−1+(
𝜖𝑐
𝜖o
)
𝛽)σcu   (4) 
where β is the parameter that relies on the shape of the stress-strain curve, and be calculated 
based on the following equation (Wahalathantri et al. 2011) 
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                                                   𝛽 =
1
1−(
σ𝑐𝑢
ϵo∗Eo
)
                                                           (5) 
Eo is defined as the initial tangential modulus, and ϵo is the corresponding strain of the ultimate 
compressive strength, and they are calculated using the following equations respectively 
(Wahalathantri et al. 2011)  
                  Eo = 1.2431*10
2 σcu + 3.28312*103    (ksi)                              (6)          
 
                ϵo = 8.9*10-5  σcu + 2.114*10-3      (ksi)                                     (7) 
 
The inelastic strain (ϵin) in the damage plasticity model in ABAQUS is given as the total strain 
( c ), which is subtracted from the elastic strain defined by the hook’s law as shown in Equation 
8, and calculated in Table 4.2. The users insert the values of stresses and inelastic strains 
obtained in Table 4.2 in ABAQUS in the concrete compressive option. The damage parameter 
of the concrete in the compression damage in ABAQUS can be calculated using the following 
equation (Lubliner et al. 1989) 
 
                                         ϵin = ϵc - 
σc
Eo
                                                             (8) 
 
                                         d = 1 - 
σ
σpeak
                                                           (9) 
where σpeak is the same as the ultimate compressive strength. The damage parameter (dc) is 
applicable to the stress values beyond the ultimate compressive strength as shown in Table 4.3. 
The concrete compression damage, including the damage parameter, and the inelastic strain 
was also illustrated in Table 4.3 and required to be inserted in ABAQUS in the concrete 
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compression damage option. The ultimate compressive strength is 7481 psi, where the 
corresponding ultimate strain calculated from Equation (7) is 2.7798*10-3, and the initial 
tangential modulus was found to be 4213083 psi, which was obtained from Equation (6). 
Table 4.2 Concrete Compressive Behavior 
Concrete Damaged Placticity Concrete Damage Placticity 
Concrete Compressive Behavior Concrete Compression Damage 
Yield 
Stress (psi) 
Total Strain 
(in/in) 
Elastic Strain 
(in/in) 
Inelastic Strain 
(in/in) 
Damage 
Parameter (dc) 
Inelastic Strain 
(in/in) 
3741 0.00091 0.00089 0 0 0 
3990 0.00098 0.00095 0.00003 0 0.00003 
4240 0.00104 0.00101 0.00004 0 0.00004 
4501 0.00112 0.00107 0.00005 0 0.00005 
4741 0.00119 0.00113 0.00006 0 0.00006 
4995 0.00126 0.00119 0.00008 0 0.00008 
5241 0.00134 0.00124 0.00009 0 0.00009 
5495 0.00142 0.00130 0.00011 0 0.00011 
5741 0.00150 0.00136 0.00014 0 0.00014 
5985 0.00159 0.00142 0.00017 0 0.00017 
6255 0.00170 0.00148 0.00022 0 0.00022 
6490 0.00180 0.00154 0.00026 0 0.00026 
6740 0.00193 0.00160 0.00033 0 0.00033 
6991 0.00208 0.00166 0.00042 0 0.00042 
7241 0.00228 0.00172 0.00056 0 0.00056 
7481 0.00278 0.00178 0.00100 0 0.00100 
6981 0.00365 0.00166 0.00200 0.0668 0.00200 
6485 0.00411 0.00154 0.00257 0.1331 0.00257 
5981 0.00454 0.00142 0.00312 0.2005 0.00312 
5481 0.00496 0.00130 0.00366 0.2673 0.00366 
4982 0.00541 0.00118 0.00423 0.3340 0.00423 
4485 0.00590 0.00106 0.00484 0.4005 0.00484 
3992 0.00645 0.00095 0.00550 0.4664 0.00550 
3481 0.00711 0.00083 0.00628 0.5347 0.00628 
2982 0.00789 0.00071 0.00718 0.6014 0.00718 
2245 0.00945 0.00053 0.00892 0.6999 0.00892 
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4.1.1.2 Concrete Tensile Behavior 
The concrete tensile behavior requires the accounting of the main failure stages, tension 
stiffening, tension softening, and reinforcement interaction with concrete. ABAQUS requires 
that users enter the values of young’s modulus (Eo), stress (σt), cracking strain (ϵcrack), and the 
damage parameter (dt) in the concrete tension damage, as shown in Figure 4.2. 
 Figure 4.2 Response of Concrete to Uniaxial Loading in Tension (Dassault Systèmes Simulia et al. 2013). 
(Wahalathantri et al. 2011) modified the tension stiffening model developed by Nayal 
and Rasheed (2006). The modified model consists of three stages, elastic stage, primary 
cracking stage, and secondary cracking stage. The elastic region extends until the ultimate 
tensile stress (σto) with a corresponding strain (ϵcr). After that, there is a significant drop, which 
is within the range between the ultimate tensile stress (σto) and 0.77 σto, corresponding to a 
strain of 1.25 ϵcr. The primary cracking stage begins from 0.77 σto to 0.45 σto with a 
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corresponding strain (4 ϵcr). It is followed by the seocondary stage extending from 0.45 σto to 
0.1 σto, with a corresponding strain (8.7 ϵcr), as shown in Figure 4.3. 
Figure 4.3 Modified Tension Stiffening Model (Wahalathantri et al. 2011). 
The ultimate splitting tensile stress (σto) of the concrete can be calculated according to 
(ACI Committee 318 2014), which is given in the following Equation (10) 
σto  =  6.7√𝑓𝑐𝑚 (10) 
where 𝑓cm is the measured average compressive strength. The average compressive strength is 
7481 psi. Then the ultimate tensile stress (σto) was estimated to be 579.5 psi with the critical 
tensile strain of 1.375*10-4. The value of the critical tensile strain was calculated based on 
dividing the ultimate tensile stress over the initial tangential modulus (Eo). Table 4.3 shows 
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the concrete tension behavior, including the tensile behavior and tensile damage. The 
calculation of the damage parameters of concrete tensile behavior are the same as those of the 
concrete compression behavior. 
      Table 4.3 Concrete Tensile Behavior 
Concrete Tension Behavior 
Yield Stress (psi) Cracking Strain (in/in) Damage parameter (dt) 
579.5 0.0001375 0 
446.22 0.0001718 0.23 
260.78 0.00055 0.55 
57.95 0.001196 0.9 
4.1.1.3 Steel Tensile Behavior 
The steel tensile behavior in ABAQUS consists of the elastic and non-elastic portions. 
The elastic material properties of steel was discussed in Table 4.1 at the beginning of Chapter 
4. The main focus here is to identify the non-elastic properties of the steel. In ABAQUS, it
requires that user insert the yield stresses and plastic strains. To perform that, No. 4 steel rebars 
were tested under uniaxial tensile test to determine the yielding stresses and their 
corresponding total strains. Then the plastic strain would be calculated using the equation (11). 
)11(
σ
Es
 - altotϵ=  plasticϵ
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where σ is the values of stresses located on the stress-strain curve of the tested steel specimens, 
as shown in Figure 4.4, starting from the yielding stress with their corresponding strain values 
defined as ϵtotal. Es is defined as the modulus of steel, which has a magnitude of 29000 ksi. 
Figure 4.4 Stress-Strain Curve of all Three Steel Specimens. 
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The average values of stresses and total strains of all three steel specimens’ curves starting 
from the yielding point were calculated, and then inserted in ABAQUS as shown in Table 4.4. 
Table 4.4 Tensile Data of the Steel Material. 
Uniaxial Tensile Test of steel Data 
Plastic Material Behavior 
Yield Stress (psi) Total Strain (in/in) Plastic Strain (in/in) 
68570 0.00392 0.0016 
71950 0.02 0.0175 
74230 0.02186 0.0193 
75590 0.0233 0.0207 
77230 0.0285 0.0258 
80220 0.0307 0.0279 
84320 0.03891 0.0360 
4.1.2 Simulation of Solar Cell under Compression Specimens 
Figure 4.5 shows the FE simulation of the solar cell under compression specimens 
when subjecting to bending test. The two lines, in red color, illustrate the positions of the two 
displacements, applied directly to FRP. The solar cell under compression specimens are simply 
supported beam with a hinged and roller supports located at a distance of 1.5 in from each edge 
at both directions, as illustrated in Figure 4.5. The width of the supports is 5.5 inch. The 
remaining half an inch was divided into two (0.25 in), and distributed evenly on both edges of 
each specimen. Therefore, the supports has a cover of 0.25 in. measured from each edge of the 
specimen. The main purpose of this is to ensure that the two sides of the FRP will not buckle 
due to the existence of the applied load and the supports that will resist the applied load. 
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Figure 4.5 FE Simulation of Solar Cell under Compression Specimens. 
Figure 4.6 shows the FRP used to confine the reinforced beam specimens at both 
directions, top, and two sides. It also illustrates the two No. 4 steel rebar used as flexural 
reinforcement placed on the tension side of the specimens. The concrete beam was removed to 
clearly illustrate the FRP and the steel rebar that embedded inside the concrete. 
Figure 4.6 FRP Material and Steel rebars in ABAQUS. 
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4.1.3 Mesh Convergence Study 
A mesh convergence study was conducted based on two values, the stresses Mises (psi), 
and the displacement along the Y-axis. The method used to study the mesh convergence is 
through a curve, which combines the value of the stress (psi) or displacement on the y-axis 
(in), and the mesh size (in) on the x-axis used as a measure of mesh sensitivity. The mesh 
convergence study affects accuracy of the results. This study is done to ensure that the results 
are not affected by changing the mesh size. At least three convergence runs should be 
conducted in order to plot the curve, and identify when the convergence is achieved.
Figure 4.6 shows an example of the mesh convergence study as described in this section. 
Figure 4.7 shows the curve of the stress, Mises stresses (psi) against the mesh size in 
(inch). It can be concluded that the values of stresses change as the mesh size increases. Seven 
convergence runs were conducted, and it can be noticed from Figure 4.4 that the values of the 
stresses are the same in a range of mesh size between 0.3-0.5 inches. In this range, it can be 
said that the convergence is achieved. The same procedure was conducted on the values of 
displacements along the Y-axis, as shown in Figure 4.8. The experiment used a mesh size of 5 
in. The selection of the mesh size was based on two factors. One factor is that this mesh size 
satisfies the convergence condition. The other factor is that the mesh size fits into the 
dimension of the specimens. 
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Figure 4.7 Stress (Mises) vs. Mesh sizes. 
Figure 4.8 Displacement (Y-axis) vs. Mesh sizes. 
83 
4.1.4 Validation the Results of Solar Cell under Compression Specimens with FE Simulation 
The experimental results of the solar cell under compression specimens were validated 
with the finite element analysis using ABAQUS. To perform that, the load-deflection at the 
mid-span and compared with the experimental result as shown in Figures 4.10. The failure load 
in ABAQUS would be determined by the damage compressive parameter option where the 
user can visualize the damage of the compression side of the specimen. The failure load is then 
identified through the step time with its corresponding number when the region at the mid-
span of the specimen are in red color as shown in Figure 4.11. When the region is in red color, 
it means that the concrete has crushed. After the concrete has crushed, the user can find the 
failure load through the load-deflection curve by determining the step time, and increment step 
associated with the red region. The deformed shape of the solar cell under compression 
specimen is shown in Figure 4.9 
  Figure 4.9 Deformed Shape of the Solar Cell under Compression Specimens 
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Figure 4.10 FE vs. Experimental Results of Solar Cell under Compression Specimens 
Figure 4.10 shows the results of the finite element vs. experimental data. The results 
illustrate that there is a little difference between the FE result and the experimental data. This 
difference might be from the material properties inserted in the ABAQUS. The curves are 
different in the portion of the elastic range. The failure load is 18.1 kips in FE simulation where 
in the experiment data, the failure load is 16.5 kips. The difference between the FE results is 
about 9%. 
Debonding of FRP 
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4.1.5 Validation the Results of Solar Cell under Tension Specimens  with FE Simulation 
The experimental results of the solar cell under Tension  specimens were validated with 
the finite element analysis using ABAQUS. To perform that, the load-deflection at the west 
direction, and compared with the experimental result as shown in Figures 4.13. The failure 
load in ABAQUS could be determined by the damage compressive parameter option where 
the user can visualize the damage of the compression side of the specimen. The damage can 
be definitely insured in the specimen when the region at the mid-span of the specimen are in 
red color as shown in Figure 4.11 along with deformed shape (Figure 4.12). When the region 
is in red color, it means that the concrete has already crushed. After the concrete has crushed, 
the user can find the failure load through the load-deflection curve by determining the step 
time, and increment step associated with the red region. The step time was 0.2164 where the 
red region appeared, and the corresponding step is 136. 
Figure 4.11 Damage location (Red Region)  Figure 4.12 Deformed Shape (FRP on Tension Stress) 
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Figure 4.13 FE vs. Experimental Results of Solar Cell under Tension Specimens 
Figure 4.13 shows the results of the finite element vs. experimental data of the solar 
cell under tension specimens. The result from FE shows a good correlation to the experimental 
data only in the elastic stage. The failure load is 25.4 kips where in the experiment results is 
19.1 kips. Therefore, the difference is about 24.8%. This difference are because the 
experimental data failed in the elastic stage, which do not continue to the nonlinear stage, and 
when FE was validated with the experimental data in both cases, solar cell under compression, 
and tension stresses, the debonding effect of FRP from concrete has not been considered. This 
debonding effect of FRP could be consider by assigning a thin layer, with considering the 
interface between the FRP and concrete, and the non-linear stiffen to simulate the gradually 
debonding of the FRP from the concrete.  
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CHAPTER 5 CONCLUSIONS AND RESULTS 
The amorphous silicon solar cells were investigated based on many aspects, such as 
studying the possibility of attaching the amorphous silicon solar cell directly to the supporting 
systems, the buckling effects on the performance of the amorphous silicon solar cell and its 
relative efficiency, and performing flexural test on the amorphous silicon solar cells attached 
on the reinforced concrete beams confined by FRP because the amorphous silicon solar cells 
are susceptible to this type of loading when attached to building roof.  The conclusions drawn 
from this study are discussed here in this chapter. The amorphous silicon solar cells were 
attached to different substrates (rigid and flexible), where the amorphous silicon solar cells 
were subjected to compression load. The rigid substrates used were normal, confined FRP, and 
wrapped FRP concrete cylinders. The performance of the amorphous silicon solar cells 
attached to rigid substrates remained almost constant until the failure of the supporting 
systems, where the degradation of the amorphous silicon solar cells occurred. Therefore, it can 
be concluded that the strain has negligible effect on solar cells under pure compression because 
of its small deflection. Furthermore, compression test was conducted the amorphous silicon 
solar cells attached to flexible (thin FRP) substrate. The results showed that the performance 
of the amorphous silicon solar cells degraded significantly due to the excessive buckling of the 
amorphous silicon solar cells. Thus, it can be concluded that the strain has a significant effect 
on solar cells under buckling because of the change in the area receiving the sun light, which 
in turns causes the light intensity to be decreased. Therefore, the change in the area of the 
amorphous silicon solar cells was investigated. To perform that, the reduction in the area of 
the amorphous silicon solar cells due to buckling was calculated by performing a numerical 
model consists of differential equation to determine the relative efficiency of the amorphous 
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silicon solar cells. It can be concluded from the calculation that the MPP and efficiency of the 
amorphous silicon solar cells continue to drop during the process of buckling. The amorphous 
silicon solar cells were attached to reinforced concrete beam with confined FRP to study the 
effect of flexural test on the performance of the amorphous silicon solar cells under two 
different scenarios, compression and tension stresses. It can be concluded that the performance 
of the amorphous silicon solar cells in case of solar cell is subjected to compression stress 
remained almost constant, with an exception of degradation if the amorphous silicon solar cells 
were placed near to the location of the loads, while in case of the solar cell is subjected to 
tensile stress; the performance of the amorphous silicon solar cells also remained constant and 
their performance increase if the amorphous silicon solar cells placed near to load. 
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APPENDIX A.     
 JV-Curves of Solar Cells (Normal Concrete Specimens):  
 
 
 
 
 
 
 
 
 
 
Figure A-1 JV curves of Normal Concrete Specimen # 2 
 
 
 
 
 
 
  
 
 
 
        
        Figure A-2 JV curves of Normal Concrete Specimen # 3. 
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Figure A-3 JV curves of Normal Concrete Specimen # 4 
 
 JV-Curves of Solar Cells (FRP-Confined Concrete Specimens):  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-4 JV curves of FRP-Confined Concrete Specimen # 1 
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Figure A-5 JV curves of FRP-Confined Concrete Specimen # 3 
 
 
 
 JV-Curves of Solar cells (Wrapped-FRP Concrete Specimens):  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-6 JV curves of Wrapped-FRP Concrete Specimen # 2. 
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Figure A-7 JV curves of Wrapped-FRP Concrete Specimen # 3 
 
 
 JV-Curves of Solar Cells (Thin FRP Specimens):  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-8 JV curves of Thin FRP Specimen # 2 
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          Figure A-9 JV curves of Thin FRP Specimen # 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Figure A-10 JV curves of Thin FRP Specimen # 5 
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Table A-1 Solar Cell Parameters and the Test Results (Rubber Specimen # 1) 
Solar Cell Parameters (Test Data) 
Voc 
(V) 
Jsc 
(mA/cm2) FF  Rs Rsh FF 
MPP 
(W) 
MPP 
(W) 
Normalized 
MPP 
Relative 
Efficiency 
4.285 0.365 40.213 791.22 8831.33 0.402 10.098 0.01010 1.00 1.00 
4.282 0.351 36.594 968.41 5991.74 0.366 9.700 0.00970 0.96 0.87 
4.278 0.343 36.736 990.56 5963.88 0.367 9.451 0.00945 0.94 0.86 
4.275 0.338 36.673 1004.98 6077.72 0.367 9.313 0.00931 0.92 0.84 
4.273 0.324 34.568 1136.46 5076.56 0.346 8.940 0.00894 0.89 0.76 
4.271 0.317 34.387 1167.42 5083.10 0.344 8.746 0.00875 0.87 0.74 
4.268 0.311 34.377 1189.67 5232.98 0.344 8.554 0.00855 0.85 0.72 
4.266 0.304 34.328 1214.04 5263.49 0.343 8.369 0.00837 0.83 0.71 
4.263 0.301 35.092 1200.39 6150.21 0.351 8.288 0.00829 0.82 0.72 
 
Table A-2 Calculations of Ac, and Relative Efficiency (Rubber Specimen # 1). 
Using Equations (Equation 12) Test Data Test Data vs. Model 
Displacement 
(in)  
Curved Area (Ac) 
(in2) 
Relative 
Efficiency 
Relative 
Efficiency Difference (%) 
0.00 1.000 1.00 1.00 0.0 
0.05 0.967 0.97 0.87 9.6 
0.10 0.925 0.93 0.86 7.6 
0.15 0.880 0.88 0.84 4.4 
0.20 0.832 0.83 0.76 8.5 
0.25 0.783 0.78 0.74 5.4 
0.30 0.734 0.73 0.72 1.3 
0.35 0.684 0.68 0.71 3.4 
0.40 0.634 0.63 0.72 13.0 
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Table A-3 Solar Cell Parameters and the Test Results (Rubber Specimen # 2). 
 
 
Solar Cell Parameters (Test Data) 
Voc 
(V) 
Jsc 
(mA/cm2) FF  Rs Rsh FF 
MPP 
(W) 
MPP 
(W) 
Normalized 
MPP 
Relative 
Efficiency 
4.271 0.291 35.38 1257 6514 0.35 8.02 0.0080 1.00 1.00 
4.269 0.276 33.50 1417 5472 0.33 7.59 0.0076 0.95 0.90 
4.267 0.249 34.08 1523 4972 0.34 6.85 0.0069 0.85 0.82 
4.260 0.250 32.76 1577 5097 0.33 6.86 0.0069 0.85 0.79 
4.258 0.248 32.42 1600 5118 0.32 6.80 0.0068 0.85 0.78 
4.254 0.243 32.65 1618 5294 0.33 6.68 0.0067 0.83 0.77 
 
 
Table A-4 Calculations of Ac, and Relative Efficiency (Rubber Specimen # 2). 
 
Using Equations (Equation 12) Test Data Test Data vs. Model 
Displacement 
(in) 
Curved Area 
(Ac) (in2) 
Relative 
Efficiency 
Relative 
Efficiency Difference (%) 
0.00 1.00 1.00 1.00 0.0 
0.05 0.96 0.96 0.90 4.2 
0.10 0.92 0.92 0.82 2.6 
0.25 0.78 0.78 0.79 5.1 
0.30 0.73 0.73 0.78 7.8 
0.35 0.68 0.68 0.77 13.5 
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Table A-5 Solar Cell Parameters and the Test Results (Rubber Specimen # 3). 
 
Solar Cell Parameters (Test Data) 
Voc 
(V) 
Jsc 
(mA/cm2) FF Rs Rsh FF 
MPP 
(W) 
MPP 
(W) 
Normalized 
MPP 
Relative 
Efficiency 
4.23 0.21 35.7 1771 10511 0.357 5.608 0.006 1.00 1.000 
4.23 0.20 36.4 1771 12627 0.364 5.494 0.005 0.98 0.999 
4.23 0.20 36.9 1756 13624 0.369 5.370 0.005 0.96 0.990 
4.22 0.19 36.0 1950 11569 0.360 5.086 0.005 0.91 0.914 
4.22 0.18 36.9 1885 12206 0.369 4.979 0.005 0.89 0.917 
4.22 0.18 37.0 1919 15081 0.370 4.879 0.005 0.87 0.901 
4.21 0.17 36.5 2015 14004 0.365 4.687 0.005 0.84 0.854 
4.21 0.15 35.0 2284 8845 0.350 4.182 0.004 0.75 0.730 
4.20 0.15 32.9 2431 8654 0.329 4.062 0.004 0.72 0.667 
4.20 0.15 32.7 2479 8810 0.327 3.938 0.004 0.70 0.644 
 
 
Table A-6 Calculations of Ac, and Relative Efficiency (Rubber Specimen # 3). 
Using Equations (Equation 12) Test Data Test Data vs. Model 
Displacement 
(in)  
Curved Area 
(Ac) (in2) 
Relative 
Efficiency 
Relative 
Efficiency Difference (%)  
0.00 1.00 1.00 1.00 0.00 
0.05 0.97 0.97 1.00 3.30 
0.10 0.93 0.93 0.99 6.99 
0.15 0.88 0.88 0.91 3.87 
0.20 0.83 0.83 0.92 10.16 
0.25 0.78 0.78 0.90 15.12 
0.30 0.73 0.73 0.85 16.39 
0.35 0.68 0.68 0.73 6.75 
0.40 0.63 0.63 0.67 5.19 
0.45 0.58 0.58 0.64 10.23 
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Table A-7 Solar Cell Parameters and the Test Results (Thin FRP Specimen # 2) 
 
Solar Cell Parameters (Test Data) 
Voc 
(V) 
Jsc 
(mA/cm2) FF  Rs Rsh FF 
MPP 
(W) MPP (W) 
Normalized 
MPP  
Relative 
Efficiency  
3.82 0.98 46.24 198 5496 0.46 24.20 0.02 1.00 1.00 
3.83 0.92 44.64 248 5419 0.45 22.67 0.02 0.94 0.90 
3.82 0.87 41.91 302 6262 0.42 21.37 0.02 0.88 0.80 
3.81 0.80 38.84 369 4574 0.39 19.72 0.02 0.82 0.68 
3.80 0.73 37.22 441 4166 0.37 17.90 0.02 0.74 0.60 
3.80 0.69 35.90 518 3752 0.36 16.92 0.02 0.70 0.54 
3.80 0.63 34.34 579 3501 0.34 15.48 0.02 0.64 0.48 
3.80 0.59 33.87 663 4443 0.34 14.42 0.01 0.60 0.44 
3.79 0.58 31.79 694 2339 0.32 14.17 0.01 0.59 0.40 
 
 
Table A-8 Calculations of Ac, and Relative Efficiency (Thin FRP Specimen # 2). 
 
Using Equations (Equation 12) Test Data vs. Model 
Displacement (in)  Curved Area (Ac) (in2) Relative Efficiency Difference 
0.00 1.00 1.000 0.000 
0.05 0.967 0.967 0.062 
0.10 0.925 0.925 0.125 
0.15 0.879 0.879 0.195 
0.20 0.832 0.832 0.237 
0.25 0.783 0.783 0.240 
0.30 0.734 0.734 0.259 
0.35 0.684 0.684 0.248 
0.40 0.634 0.634 0.231 
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Table A-9 Solar Cell Parameters and the Test Results (Thin FRP Specimen # 3) 
 
Solar Cell Parameters (Test Data) 
Voc (V) 
Jsc 
(mA/cm2) FF Rs Rsh FF 
MPP 
(W) 
MPP 
(W) 
Normalized 
MPP 
Relative 
Efficiency 
4.02565 1.142 48.98 127.779 1772 0.4898 29.64 0.02964 1.00 1.00 
3.96749 1.112 47.64 125.928 1020 0.4764 28.46 0.02846 0.96 0.93 
3.94736 1.056 46.32 139.857 1275 0.4632 26.88 0.02688 0.91 0.86 
3.93275 1.001 45.88 146.585 1324 0.4588 25.38 0.02538 0.86 0.80 
3.92502 0.949 44.99 165.302 1371 0.4499 24.01 0.02401 0.81 0.74 
3.91373 0.908 41.47 162.32 1298 0.4147 22.93 0.02293 0.77 0.66 
3.88556 0.952 34.92 246.075 1118 0.3492 23.86 0.02386 0.80 0.57 
3.86492 0.855 35.22 243.455 1088 0.3522 21.31 0.02131 0.72 0.52 
3.87388 0.682 37.63 352.77 1595 0.3763 17.05 0.01705 0.58 0.44 
3.86734 0.595 38.97 401.88 1896 0.3897 14.85 0.01485 0.50 0.40 
3.85883 0.545 38.86 458.536 1977 0.3886 13.57 0.01357 0.46 0.36 
3.8417 0.491 37.83 532.711 2135 0.3783 12.16 0.01216 0.41 0.32 
3.82873 0.445 37.79 600.061 1992 0.3779 10.99 0.01099 0.37 0.29 
 
Table A-10 Calculations of Ac, and Relative Efficiency (Thin FRP Specimen # 3). 
(Model) Using Equation (12) Test Data vs. Model 
Displacement (in) Curved Area (Ac) (in2) Relative Efficiency Difference 
0.01 1.000 1.0000 0.000 
0.05 0.967 0.9670 0.033 
0.10 0.925 0.9250 0.067 
0.15 0.879 0.8790 0.077 
0.20 0.832 0.8320 0.088 
0.25 0.783 0.7833 0.128 
0.30 0.734 0.7340 0.160 
0.35 0.684 0.6840 0.167 
0.40 0.634 0.6340 0.192 
0.45 0.584 0.5840 0.185 
0.50 0.534 0.5340 0.171 
0.55 0.484 0.4840 0.167 
0.60 0.434 0.4340 0.434 
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Table A-11 Solar Cell Parameters and the Test Results (Thin FRP Specimen # 4) 
Solar Cell Parameters (Test Data) 
Voc (V) 
Jsc 
(mA/cm2) FF Rs Rsh FF MPP 
MPP 
(W) 
Normalized 
MPP 
Relative 
Efficiency 
3.95 0.87 54.97 197 348272 0.5497 22.195 0.022 1.00 1.00 
3.93 0.79 57.12 194 14060 0.5712 19.923 0.020 0.90 0.93 
3.93 0.73 63.83 109 6163 0.6383 18.377 0.018 0.83 0.90 
3.92 0.67 58.01 214 117744 0.5801 17.038 0.017 0.77 0.81 
3.92 0.60 59.54 222 5595 0.5954 15.101 0.015 0.68 0.74 
3.91 0.54 66.43 133 7552 0.6643 13.730 0.014 0.62 0.75 
3.90 0.50 64.00 137 25676 0.6400 12.516 0.013 0.56 0.66 
3.90 0.45 66.98 165 10898 0.6698 11.303 0.011 0.51 0.62 
3.89 0.40 67.54 288 11493 0.6754 10.038 0.010 0.45 0.56 
 
Table A-12 Calculations of Ac, and Relative Efficiency (Thin FRP Specimen # 4). 
(Model) Using Equation (12) Test Data Test Data vs. Model 
Displacement 
(in)  
Curved Area (Ac) 
(in2) 
Relative 
Efficiency 
Relative 
Efficiency Difference (%) 
0 1.000 1.000 1.000 0.0 
0.05 0.967 0.967 0.933 3.6 
0.10 0.925 0.925 0.899 2.8 
0.15 0.879 0.879 0.810 7.8 
0.20 0.832 0.832 0.737 11.4 
0.25 0.783 0.783 0.748 4.6 
0.30 0.734 0.734 0.657 10.6 
0.35 0.684 0.684 0.620 9.3 
0.40 0.634 0.634 0.556 12.4 
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Table A-13 Solar Cell Parameters and the Test Results (Thin FRP Specimen # 5) 
 
Solar Cell Parameters (Test Data) 
Voc 
(V) 
Jsc 
(mA/cm2) FF Rs Rsh FF 
MPP 
(W) 
MPP 
(W) 
Normalized 
MPP 
Relative 
Efficiency 
4.21 0.90 65.4 108 18491 0.654 24.4 0.024 1.00 1.000 
4.15 0.81 67.2 103 12050 0.672 21.8 0.022 0.89 0.914 
4.13 0.75 65.9 117 13941 0.659 20.0 0.020 0.82 0.826 
4.11 0.69 65.8 124 13790 0.658 18.3 0.018 0.75 0.755 
4.09 0.65 65.9 128 15598 0.659 17.1 0.017 0.70 0.704 
4.07 0.60 66.0 136 18447 0.660 15.7 0.016 0.64 0.647 
4.06 0.55 65.9 153 22192 0.659 14.3 0.014 0.59 0.590 
4.04 0.50 66.4 172 19396 0.664 13.0 0.013 0.53 0.539 
 
 
Table A-14 Calculations of Ac, and Relative Efficiency (Thin FRP Specimen # 5). 
(Model) Using Equation (12) Test Data Test Data vs. Model 
Displacement 
(in)  
Curved Area (Ac) 
(in2) 
Relative 
Efficiency 
Relative 
Efficiency Difference (%) 
0 1.000 1.000 1.000 0.0 
0.05 0.967 0.967 0.914 5.4 
0.10 0.925 0.925 0.826 10.7 
0.15 0.879 0.879 0.755 14.1 
0.20 0.832 0.832 0.704 15.4 
0.25 0.783 0.783 0.647 17.3 
0.30 0.734 0.734 0.590 19.6 
0.35 0.684 0.684 0.539 21.3 
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 JV-Curves of Flat Solar cells (Solar Cell Subjected to Compression):  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-11 J-V curves of Flat Compression Specimen # 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-12 J-V curves of Flat Compression Specimen # 3 
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Figure A-13 J-V curves of Flat Compression Specimen # 4 
 
 
 JV-Curves of Curved Solar cells (Solar Cell Subjected to Compression): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-14 J-V curves of Curved Compression Specimen # 2 
 
106 
0.00E+00
2.00E-04
4.00E-04
6.00E-04
8.00E-04
1.00E-03
1.20E-03
1.40E-03
1.60E-03
1.80E-03
2.00E-03
2.20E-03
0.00E+00 8.00E-01 1.60E+00 2.40E+00 3.20E+00 4.00E+00 4.80E+00
C
u
rr
e
n
t 
D
en
is
ty
 (
m
A
/c
m
2
)
Voltage (V)
0
0.010
0.018
0.034
0.044
0.057
0.070
0.081
0.093
0.105
0.118
0.128
0.130
0.137
0.145
0.155
0.160
0.168
0.176
0.185
0.192
0.00E+00
2.00E-04
4.00E-04
6.00E-04
8.00E-04
1.00E-03
1.20E-03
1.40E-03
0.00E+00 8.00E-01 1.60E+00 2.40E+00 3.20E+00 4.00E+00 4.80E+00
C
u
rr
e
n
t 
D
en
is
ty
 (
m
A
/c
m
2
)
Voltage (V)
0
0.013
0.019
0.033
0.044
0.060
0.072
0.081
0.092
0.107
0.115
0.127
0.140
0.150
0.160
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-15 J-V curves of Curved Compression Specimen # 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-16 J-V curves of Curved Compression Specimen # 4. 
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 JV-Curves of Flat Solar cells  (Solar Cell Subjected to Tension):  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-17 J-V curves of Flat Tension Specimen # 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-18 J-V curves of Flat Tension Specimen # 3. 
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Figure A-19 J-V curves of Flat Tension Specimen # 4. 
 
 
 JV-Curves of Curved Solar cells  (Solar Cell Subjected to Tension ): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure A-20 J-V curves of Curved Tension Specimen # 2. 
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Figure A-21 J-V curves of Curved Tension Specimen # 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-22 J-V curves of Curved Tension Specimen # 4. 
